Pulse contrast is a crucial parameter of high peak-power lasers since the prepulse noise may disturb laser-plasma interactions. Contrast measurement is thus a prerequisite to tackle the contrast challenge in high peak-power lasers. This paper presents the progress review of single-shot cross-correlator (SSCC) for real-time contrast characterization. We begin with the key technologies that enable an SSCC to simultaneously possess high dynamic range (10 10 ), large temporal window (50-70 ps) and high fidelity. We also summarize the instrumentation of SSCC prototypes and their applications on five sets of petawatt laser facilities in China. Finally, we discuss how to extend contrast measurements from time domain to spatiotemporal domain. Real-time and high-dynamic-range contrast measurements, provided by SSCC, can not only characterize various complex noises in high peak-power lasers but also guide the system optimization.
Introduction
High peak-power lasers open the door to strong-field physics such as plasma acceleration [1, 2] . So far, laser facilities based on chirped-pulse amplification (CPA) can achieve focused intensity of 10 21 W/cm 2 or higher [3, 4] . Such an intensity exceeds the typical ionization threshold (∼10 11 W/cm 2 ) of the target by ten orders of magnitude, and can lead laserplasma interactions well into the relativistic optics regime where ionized electrons oscillate close to the light speed [5] . To avoid pre-ionization of the target, noise intensity at the leading edge of main pulse must be controlled below the ionization threshold [6] [7] [8] . Thus, the knowledge of noise intensity in an extended temporal range prior to the main pulse is crucial for enabling clean laser-plasma interactions. In practice, noise is often characterized by pulse contrast, which is a ratio relative to the main pulse intensity. Obviously, the contrast, required by strong-field physics experiments, increases with the peak power. For petawatt lasers, for example, the pulse contrast should reach 10 10 approximately. Accurate measurement of such a high contrast is the prerequisite to explore unknown noise mechanisms and optimize the laser systems. Commercially available delay-scanning cross-correlator (DSCC), e.g., Sequoia (Amplitude Technology, France), can resolve such high contrasts and thereby is the workhorse for characterizing the pulse contrast currently [9] [10] [11] . However, the DSCC is appropriate only for highly repetitive lasers, and typically takes tens of thousands of pulses for one full measurement. The consumed time is usually tens of minutes for 1-kHz lasers, and increases to several hours if the laser repetition rate is ∼10 Hz. It is extremely inefficient for the DSCC to measure the petawatt lasers operating at a low repetition rate ( 10 Hz) or even single shot [2-4, 12, 13] . This determines that the DSCC could hardly be applied for the real-time optimization of laser systems, and is only suitable to evaluate the contrast parameter after construction. Moreover, the scanning and averaging diagnostic scheme cannot resolve the shot-to-shot variation of the zero-mean random noise such as the optical parameter superfluorescence [14] , and may not provide sufficient contrast parameters for physical experiments.
Single-shot cross-correlator (SSCC) is the most promising device for real-time contrast characterization. The idea of SSCC is to create a sufficiently large temporal window by using only one single laser pulse. Unlike the DSCC with a mechanical delay line, the SSCC normally realizes singleshot measurement based on time-to-space encoding and a 2 J. Ma et al.
multi-element detector. Historically, the reported dynamic range of SSCC was limited to ∼10 6 for a long time [15] [16] [17] [18] [19] [20] [21] [22] [23] , which is far from the 10 10 requirement of petawatt lasers. Besides, the use of time-to-space encoding may convert the scattering and stray reflection in SSCC into extra temporal noise during the measurement. The artificial noise during measurement can be as large as 10 −6 -10 −8 of the main pulse, which will severely degrade the measurement fidelity [24] . This fidelity issue, however, has not drawn attention due to the limited dynamic range of SSCC.
We devote to developing an SSCC toward its applications by solving the challenges therein [24] [25] [26] [27] [28] [29] [30] [31] [32] . At current stage, our SSCC can reach the required dynamic range of 10 10 with a temporal window of 50-70 ps, a sub-ps resolution and a high fidelity [33] . The overall performance makes it qualified for the real-time contrast characterization of petawatt lasers. With the developed SSCC prototypes, we have successfully conducted in situ measurements on five sets of petawatt laser facilities in China [34] [35] [36] [37] . In this paper, we will review our strategies to develop a practical SSCC. We first introduce the working principle of SSCC briefly in Section 2, and then concentrate on the enabling technologies that support the high-dynamic-range SSCC in Section 3. Section 4 presents the integration of these key technologies and associated applications of the SSCC prototypes. Finally, we discuss the prospect of extending the SSCC to spatiotemporal crosscorrelator (STCC) and summarize the review.
Working principle of SSCC
Nonlinear cross-correlation is a common method to measure the intensity contrast of ultrafast pulses in time domain. If the pending test (PT) pulse and sampling pulse have intensity profiles of I (t) and S(t), respectively, their cross-correlation function C(t) is defined as C(τ ) = ∞ −∞ I (t)S(t + τ ) dt, where τ is the relative temporal delay between them. The measured cross-correlation function will simply represent the profile of the PT pulse when the sampling pulse has a much higher contrast than the PT pulse. Such a clean sampling pulse is usually generated via second-harmonic generation (SHG) of the replica of PT pulse. This kind of crosscorrelation is sometimes called third-order autocorrelation, described equivalently by
At present, the DSCC is the workhorse for most contrast measurements [9] [10] [11] . It gates the PT pulse through instantaneous nonlinear interaction with a clean sampling pulse. The temporal contrast of PT pulse is obtained by recording the cross-correlation signal with variable delay τ between the interacting pulses [ Figure 1(a) ]. The delay-scanning configuration allows a highly sensitive photomultiplier (PMT) to detect the cross-correlation signal in sequence, thus a dynamic range of >10 10 can be achieved. Its measurement temporal window, determined by the range of delay line, (a) DSCC, in which the temporal window is determined by the delayscanning line. (b) Noncollinear SSCC, in which the PT and sampling pulses are nonlinearly mixed in a noncollinear configuration. Its temporal window is determined by the noncollinear angle and beam width. (c) SSCC based on a pulse replicator, in which a sequence of spatially shifted and temporal delayed sampling pulses are created to nonlinearly mix with the PT pulse. It has a large temporal window of ∼200 ps and a temporal resolution of ∼6 ps. (d) SSCC based on a diffraction grating, in which the tilted pulse front of sampling pulse maps the temporal intensity profile of PT pulse into the spatial intensity profile of generated correlation signal. Its temporal window is determined by the tilting angle of sampling pulse front and the beam width. T, PT pulse; S, sampling pulse; C, correlation signal; NC, nonlinear crystal; τ , time delay of S relative to T.
can reach hundreds of picoseconds and even up to several nanoseconds. A full measurement often needs a large amount of laser shots.
In contrast to DSCC, SSCC performs a full crosscorrelation measurement by using a single pulse. Several versions of SSCC have been proposed to create an equivalent range of the delay τ (i.e., the temporal window), as shown in Figures 1(b)-1(d) . A noncollinear interaction configuration between the PT and sampling beams is widely used [15] [16] [17] . As shown in Figure 1(b) , the noncollinear intersection of the beams on the crystal surface leads to different temporal delays at different transverse locations. In this way, the PT pulse intensity at different time τ is encoded into the intensity of correlating signal at different transverse location x, which is known as the time-to-space encoding. An array detector such as charge-coupled device (CCD) is needed to record the spatial profile of the generated correlation signal. In this configuration, the temporal window of measurement is determined by the intersection angle and beam width. Second-harmonic generation of the PT pulse generates sampling pulse with duration comparable to that of the PT pulse and enhanced contrast as well. Such a sampling pulse duration is acceptable to resolve the noise distribution in a large temporal window that is much larger than the pulse duration. Besides, owing to a large noncollinear angle (∼40 • ) and relatively thin crystal (1-2 mm), the actual temporal resolution in our SSCC is smeared approximately to 1 ps, which is still acceptable in resolving the noise pedestal distributed in a quite large temporal window.
Pulse-front tilting is another configuration that can establish continuously varying time delay based on a single pulse, Single-shot cross-correlator for pulse-contrast characterization of high peak-power lasers 3 as shown in Figure 1(d) [18] [19] [20] . Pulse-front tilting can be realized by using a grating or prism. Similar to Figure 1(b) , the time-to-space encoding may be achieved even if the beams are collinear. In principle, both the beam slanting and pulse-front tilting, i.e., the combination of Figures 1(b) and 1(d), can be adopted to further enhance the temporal window of measurement. In addition, the large temporal window in SSCC can also be achieved via a pulse replicator as shown in Figure 1 (c) [21] . It creates variable delays τ through multiple internal reflections of the sampling pulse in a pulse replicator constituted by a high reflector and a partial reflector. The pulse replicator generates a sequence of temporally delayed and spatially shifted sampling pulses that can be mixed with the PT pulse in a nonlinear crystal. It maps the PT pulse profile, in a discrete manner, into a spatially dispersed one that can be recorded by an array detector. Although it can be favorable in a large temporal window of SSCC, the discrete nature of time-to-space encoding limits the temporal resolution due to the thickness of the replicator.
The noncollinear configuration of SSCC shown in Figure 1(b) is more superior in practice due to its simplicity and being easy to use. The correlating signal can be easily picked out due to the noncollinear arrangement. In the following parts, we will focus on this specific configuration and discuss its relevant technologies in detail, including dynamic range, temporal window, temporal resolution and measurement fidelity.
Key enabling technologies

Phase-matching manipulation for large temporal window
Temporal window refers to the achievable delay range between the PT and sampling pulses in an SSCC. In practical applications, a temporal window larger than 50 ps is usually required to match the response limits of a fast photodiode and an oscilloscope, and a temporal resolution of ∼1 ps is needed to resolve fine-structured noise. Figure 2 (a) shows a typical noncollinear SSCC based on sum-frequency generation (SFG) using a bulk nonlinear crystal. According to its geometrical relations, the temporal window T of this SFG-SSCC equals the sum of time delay for the PT pulse through B E and that for the sampling pulse through AD, which can be calculated by
where W is the transverse width of beam intersection region, c is the light speed in vacuum, n T (n S ) is the refractive index of PT (sampling) pulse and α (β) is the inner crossangle between the PT (sampling) and correlation beams. Clearly shown by Equation (1), the temporal window T is determined by the beam aperture and noncollinear angle. As W is ultimately limited by the available crystal aperture, further enhancement of temporal window depends on the increase of angles α and β. However, the angles α and β are connected to the phase-matching (PM) condition. An efficient SFG requires the phase mismatch, ϕ = k · r, to be minimized. The corresponding wave-vector mismatch is given by k = k T + k S − k C , where k T , k S and k C are the wave vectors of the PT, sampling, and correlation pulses, respectively. k can be decomposed into parallel and perpendicular components relative to the direction of k C :
Obviously, owing to the PM condition requirement ( k = 0 and k ⊥ = 0), α and β cannot be set arbitrarily.
To mitigate the angle limitation in noncollinear PM, we introduce additional control degrees of freedom. First, the wavelength of sampling pulse can be chosen on demand. We have theoretically and experimentally verified that the increase of sampling wavelength can support larger noncollinear angle and hence larger temporal window [26, 27] , as shown in Figure 3 (a). Either an optical parametric amplifier (OPA) or a supercontinuum generation (SCG) process, pumped by the replica of PT pulse, can be adopted to generate the required clean long-wavelength sampling pulse [38, 39] . Compared to the conventional short-wavelength SHG sampling, the long-wavelength sampling can increase the wavelength of correlation signal as well, which can better match the spectral range of the low loss and high sensitivity of the fiber-based detection system (see Section 3.2).
Besides, we may employ quasi-phase matching (QPM) instead of birefringent PM to further release the angle limitation [ Figure 2 (c)]. QPM, relying on a periodically poled crystal design, can introduce a grating k-vector to the PM condition, k Λ = 2π m/Λ, where Λ is the poling period and m is the QPM order. In this case, the parallel component of wave-vector mismatch becomes k = k T cos α + k S cos β − k C − 2π m/Λ. As a result, the PM condition can be manipulated by the two additional parameters of m and Λ. Generally, a shorter period Λ and/or a larger order m (only odd integer is valid) leads to a larger temporal window [see Figure 3 (b)]. By using a periodically poled lithium niobate (PPLN) crystal with Λ = 6 µm and m = 1, for example, we achieved a temporal window per unit W of ∼45 ps/cm for the SSCC with a sampling wavelength of 3.3 µm [26] . A larger temporal window of ∼70 ps/cm was achieved by using a high-order QPM (e.g., m = 3, 5) [28] . A unique lateral cross-correlator with α + β = π /2 can be realized by high-order QPM owing to its strong capability in compensating phase mismatch, as shown in Figure 2(d) . In such a lateral cross-correlator, the sampling pulse is allowed to impinge the PPLN crystal from a lateral surface.
Ideal time-to-space encoding requires a one-to-one correspondence between the time delay τ and the transverse location x. This relation is strictly satisfied only on the input surface and then messes up inside the crystal. Such an effect of crystal length L on the temporal resolution can be understood with the aid of Figure 2(b) . Suppose that the PT beam slice T 1 and sampling beam slice S 1 arrive at the point G at the same time (i.e., τ = 0). They will produce the correlation signal at the main peak, which propagates perpendicularly to the crystal rear surface and emits away from the point F. Ideally, the intensity of beam light G F only corresponds to the correlation signal at τ = 0. Unfortunately, it also includes the contributions of correlation signals at τ = 0. As shown in Figure 2 (b), for example, the correlation signal between beam slices T 2 and S 2 also propagates along G F. Thus, the maximum time delay difference is determined by the outmost pair of beam slices as
δτ reveals the time ambiguity in time-to-space encoding, and is defined as the temporal resolution of the correlation process. According to Equation (2), the temporal resolution also depends on the noncollinear angles α and β. Numerical calculations demonstrate that the increase of noncollinear angle (aiming for a larger temporal window) will degrade the temporal resolution. Equations (1) and (2) reveal an inherent trade-off between the temporal window and resolution. It should be noted that the unique lateral cross-correlation shown in Figure 2 (d) may break this trade-off, as its temporal resolution is determined by the width σ of sampling beam rather than the crystal length L [28] , as shown in Figures 3(c) and 3(d). Due to the limited fiber channels N in the fiber array (see Section 3.2), the sampling temporal resolution is ultimately limited to T /N . So, the relation between T and δτ can be optimized by matching the correlation resolution δτ with the sampling resolution, i.e., δτ = T /N .
High-sensitivity parallel detection for high dynamic range
The dynamic range of an SSCC is defined by the ratio between the maximum and minimum detectable intensities. As the upper limit is restricted by the laser damage of optical elements and thus is fixed to some extent, the dynamic range is mainly limited by the sensitivity of detector used in SSCC. The time-to-space encoding in SSCC precludes the use of single-element PMT detector and necessitates a multi-element detector. The CCD, as a commercial multielement detector, is extensively used in the majority of SSCC investigations [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, it has a much poorer sensitivity compared to the known most sensitive PMT detector. As a result, it limits the typical dynamic range of SSCC to about 10 6 , much lower than the dynamic range of >10 10 obtainable by DSCC with a PMT detector.
In order to apply sensitive PMT into the SSCC, we proposed and demonstrated an 'adapter' that can convert the spatially parallel signal into temporally serial signal [29, 30] . The adapter to PMT is constituted by 100 fiber channels with different lengths, as shown in Figure 4 (a). These fibers are integrated together into a one-dimensional (1D) fiber array by a high precision V-groove technique at one end, and bundled at the other end. The spatially parallel signal will be first sampled by the fiber array into 100 channels of subsignals. Due to the length increment between adjacent fibers, each sub-signal will be delayed sequentially, thus delivered successively out of the fiber bundle. The time delay ( t) between adjacent sub-signals is determined by the increment of fiber length ( l) and the refractive index of fiber core (n), t = l · n/c. t should be larger than the response time of PMT to resolve all the 100 sub-signals. For the PMT with a typical response time of 1 ns, the optimal length increment of fiber channels l should be approximately 1-1.5 m.
The invented detection system shown in Figure 4 (a) combines a parallel-to-serial mapping of fiber adapter and a high sensitivity of PMT. To accommodate a high dynamic range and ensure a linear response of PMT, a series of variable attenuators may be used to reduce the signal intensities in different fiber channels. Therefore, the fiber-based adapter in practice is often composed of two parts as shown in Figure 4(b) . The open ends of these fibers are covered with FC connectors. Normally, the two parts are connected correspondingly with 100 flanges with negligible loss. If needed, fiber attenuators instead of flanges can be used to connect with the corresponding fiber channels. The fiberbased structure used in the detection system facilitates the introduction of variable attenuations for parallel signals. As a comparison, it is more difficult to fabricate the required spatially varying neutral-density filters for CCDs as shown by the inset of Figure 4 (a) [15] [16] [17] [18] [19] [20] [21] . A band-pass filter at the correlation signal wavelength is added between the fiber bundle and PMT to block the PT and sampling components. This high-sensitivity parallel detection system promotes the dynamic range of SSCC up to 3 × 10 10 , comparable to that of a DSCC, as shown in Figure 4 (c) [33] . By inserting a 1.1-mm-thick BK7 plate in the sampling arm, as a demonstration, we can create three equally spaced spikes via multiple Fresnel reflections in the trailing edge of sampling pulse, which will translate into three artificial spikes on the side of correlation trace that corresponds to the leading edge of PT pulse. The evidence for capturing the third replica with a relative intensity of ∼10 −9 clearly demonstrates the high dynamic range of the SSCC.
Disturbed noise reduction for high fidelity measurement
The high-sensitivity parallel detection system enhances the detectability for the noise background of PT pulse. On the other hand, it is also sensitive enough to resolve the disturbing or artificial noise produced during the SSCC measurement, such as scattering noise and artificial reflection spikes as illustrated in Figure 5 [24, 25] . These disturbing noises may degrade measurement fidelity. It is difficult for a CCD-based SSCC to resolve such measurement noises due to its limited sensitivity. Furthermore, a high dynamic range cannot be practically achieved before the disturbing noise is eliminated or reduced substantially. Note, the disturbing noise such as scattering noise is inherently related to the time-to-space encoding in an SSCC, which does not exist in a conventional DSCC.
The disturbing noise can be revealed by comparing the correlation trace of SSCC with that of DSCC. Figure 6 summarizes the measurement results of a commercial femtosecond Ti:sapphire regenerative amplifier (details can refer to Ref. [24] ). Typically, an extra pedestal appears on the SSCC trace [black curve in Figure 6(a) ], compared to the DSCC trace [red curve in Figure 6(a) ]. This pedestal can be attributed to the Rayleigh scattering of the correlation signal by the air gap between the crystal and fiber array, especially by the signal peak [ Figure 5(a) ]. Owing to the time-to-space encoding, the spatially dispersed scattering background will lead to a pedestal on the correlation trace, even if the PT pulse itself is background-free. The scattering intensity is approximately 10 −8 -10 −6 of the signal peak [40] , higher than the system detection limit of 10 −10 . The detection limit may be recovered if we attenuate the signal peak by a factor of at least 10 4 . We fabricated a stripe filter that has a transmission of 10 −4 within a 2-mm-wide coating area. Such a stripe filter was placed just behind the crystal with its center aligning to the peak of correlation signal, as shown in Figure 5(b) . After dramatic depression of the scattering noise, the true noise pedestal of PT pulse can be well resolved [blue curve in Figure 6(a) ].
As can be seen from Figure 6 (a), there are two extra spikes around ±15 ps on the SSCC traces compared to the DSCC trace, which can be regarded as measurement artifacts. The artificial spike at the trailing edge of the main pulse is obviously caused by the stray reflection of PT pulse between the crystal surfaces. However, it is hard, at the first sight, to understand the origin of the artificial spike at the leading edge of the main pulse. Actually, it is caused by the stray reflection of sampling pulse between the crystal surfaces [ Figure 5(c) ]. This type of artificial noise exists in various cross-correlators including DSCCs. Coating the crystal with anti-reflecting film may help reduce this type of artifacts, but can hardly remove them and will degrade the ultrahigh dynamic range. We propose a solution to eliminate this kind of artifacts. As shown in Figure 5(c) , the time interval t between the first-order artificial spike and the main peak is determined by the crystal length L, t = 2n S L/c. If L is large enough to let t be larger than the temporal window T , the first-order artificial spike (and also the high-order ones) will move out of the temporal window. However, as implied by Equation (2), the increase of crystal length will degrade the temporal resolution as well. From this point of view, the measurement fidelity and temporal resolution is also a trade-off in SSCC with a bulk crystal. This tradeoff can be readily released by the QPM design as shown in Figure 5 (d). The crystal can be designed as a combination of a short poled portion (L 1 ) and a long unpoled portion (L 2 ). The temporal resolution δτ is then determined only by the poled portion (L 1 ), whereas the temporal location t of pre-artifact is determined by the whole crystal length (L 1 + L 2 ). Therefore, the pre-artifacts can be tuned far away from the main pulse by increasing L 2 , whereas a high resolution can be ensured by maintaining a short L 1 [black curve in Figure 6(b) ].
The increase of whole crystal length makes the SSCC more easily affected by the second kind of artificial spikes, which is caused by stray reflection of correlation signal between the crystal surfaces [see the two spikes just before the main pulse on the black trace shown in Figure 6(b) ]. As shown in Figure 5 (e), the generated SFG correlation signal is reflected for several times between the crystal surfaces, thus extra spikes will impose on the correlation trace if the SFG beam is not perpendicular to the crystal. The spike locations are determined by the propagation angle of the SFG beam and the length of the crystal. These artificial spikes may immerse in the main peak if the crystal is not long enough. However, in the crystal design shown in Figure 5 (d), they can be easily removed owing to the longer crystal. Thanks to the QPM structure, we can shift and delay this kind of artifact far away after the main peak by appropriate parameters setting, as illustrated in Figures 5(f) and 6(b) . Thus, proper QPM design may tune both kinds of artifacts out of the temporal window.
Instrumentation and applications
Integration of the key technologies
Here in above, we have introduced several key technologies fulfilling the major demands of a practical SSCC, i.e., high dynamic range, large temporal window, high resolution and high fidelity. A prototype of SSCC is schematically shown in Figure 7 (a), which includes three units, i.e., sampling pulse generation, a cross-correlation process and a parallel detection system. The clean sampling pulse can be generated by various nonlinear processes. For example, SHG of the PT pulse can be adopted as a short-wavelength sampling pulse, whereas OPA or SCG process can generate a longwavelength sampling pulse.
The cross-correlation unit undertakes the time-to-space encoding, and determines the main performance of SSCC. Both the PT and sampling beams should be wide enough in the plane (x-z) of noncollinear PM to support a large temporal window. The beam widths in another transverse dimension (y) can be designed for proper intensities. Both beams in the y direction should be focused upon the crystal by cylindrical lenses or mirrors. QPM crystals as well as conventional bulk crystals are applicable for the crosscorrelation. In a real single-shot environment, bulk crystals may work better than QPM crystals in the aspect of output stability, since QPM crystals typically have a small thickness (e.g., 0.5 mm), which may not overlap with the beams in the y direction. Therefore, the SSCCs developed for PW laser applications adopt the cross-correlation configuration shown in Figure 2 (a) with large aperture β-BBO crystals. The spatial location of the signal pulse peak out of the crystal can be adjusted by the delay line built in the arm of the PT pulse. For revealing the prepulse features, the main peak is often tuned toward the rear edge of the temporal window.
In principle, the noncollinear cross-correlation based on time-to-space encoding requires uniform PT and sampling beams to avoid overestimation of noise. However, the crosscorrelation measurement of pulse contrast is very different from the well-known measurement of femtosecond pulse duration. The noise pedestal has fluctuations in the picosecond time scale and also varies orders of magnitude within a large temporal window (∼70 ps in our device). Therefore, the requirement on uniform interacting beams is not so rigid. For instance, typical intensity modulations of diffraction ripples are ∼36% at maximum [41] , which may result in ∼1.36-2.5 times noise overestimation at a specific temporal position, but is still acceptable to the largely varied noise pedestal. It is generally regarded that there is little difference between the high-contrast levels of 1 × 10 10 and 2.5 × 10 10 , for instance. In addition, the noncollinear crosscorrelation is implemented only in the x-dimension, and the beam focusing in the y-dimension can reduce the effect of near-field diffraction and thus the noise overestimation.
The generated spatially dispersed correlation signal is collected by the high-sensitivity parallel detection system. To suppress the effect of air scattering on the fidelity, a stripe filter is added just behind the crystal as described in Section 3.3. In the next step, an imaging lens and a focusing lens are used to couple the correlation signal into 100 fibers. A PMT successively converts the 100 optical signals into electrical pulses that can be displayed on a high speed oscilloscope. After data acquisition and calibration, one may retrieve the profile of the PT pulse.
As a demonstration, the SSCC was used to characterize the pulses cleaned by a cross-polarized wave generation (XPW) device. A dynamic range of 3 × 10 10 was achieved [ Figure 7 (b)], which is appropriate for characterizing the pulse contrast of petawatt lasers. Furthermore, we have made a comparison between the measurement results of the SSCC and a commercial DSCC (i.e., Sequoia). The two results show an excellent agreement in terms of the noise background, temporal spikes and the main pulse, as shown in Figure 7 (b). The SSCC also successfully measured the pulse contrast of a 200 TW femtosecond Ti:sapphire laser operating at 10 Hz [33] .
Installation and initialization
In this section, we simply introduce how to install the SSCC in single-shot laser situation, and emphasize on how to quickly set the proper attenuations for achieving high dynamic range. The SSCC employs two types of attenuation. The first type is the stripe filter behind the correlating crystal for suppressing the scattering noise. The second type is the attenuators in the fiber channels for tuning the output signal from fiber bundle within the dynamic range of PMT. In order to ensure linear response, we keep all the sub-signals within a relative range of ∼10 3 , although the typical dynamic range of PMT is about 10 5 . Here, we illustrate the procedure for presetting the two types of attenuation by a virtual example of the PT pulse, as shown in Figure 8(a) .
As the PT pulse profile is unknown in advance, we first insert a piece of neutral-density filter before the fiber array, whose attenuation should be initially selected to be high enough and be reduced step by step in order to protect the PMT. Suppose such an external filter with a 10 5 attenuation is properly set, then one can determine the spatial locations of the main pulse and one prepulse by using the first laser shot of test. As the generated correlation signals, at these two locations, are intense enough to produce scattering noise, both of them should be attenuated by additional stripe filters. Based on the first-shot test measurement, two stripe filters with attenuation of 10 6 (i.e., over the dynamic range of PMT) and 10 4 (i.e., over the relative sub-signal range of 10 3 ) are inserted at the spatial locations of the main pulse and the prepulse, respectively. After setting the stripe filters, we lower the attenuation of neutral-density filter from 10 5 to 10 2 , a reduction factor same to the relative sub-signal range of 10 3 . At this moment, we are ready for the second laser shot of test. For the PT pulse example shown in Figure 8 (a), noise pedestal exists around the main pulse, and thus attenuators in the fiber channels are needed. As the external neutral-density filter will be removed away finally, attenuation of 10 2 at least or higher for the fiber channels around the main pulse is required. We can remove the external neutral filter when the fiber attenuators are well set. Finally, we further check if the sub-signal amplitude in each fiber channel has been adjusted appropriately by a third laser shot of test.
The step-by-step method introduced in Figure 8 allows the complete presetting of attenuations associated in the SSCC only by three laser shots of test, although 100 fiber channels are involved. After this initialization, the SSCC can start working online as a real-time monitor for pulse contrast. At current stage, it needs about twenty minutes to read out and process the 100 sub-signals artificially for each measurement. In next step, we plan to develop a real-time data processor for our SSCC.
In situ applications on petawatt laser facilities
Until now, we have developed five SSCC prototypes for the petawatt facilities in China with two typical examples shown in Figure 9 . These SSCCs include two wavelength versions, the 1053-nm version [ Figure 9 (a)] and the 800-nm version [ Figure 9 (c)]. Since the year of 2014, the 1053-nm version has been operating on the SG-II Nd:glass petawatt laser at Shanghai Institute of Optics and Fine Mechanics (SIOM), Chinese Academy of Sciences (CAS) [35] . Four other sets of the 800-nm version have been applied successively on the 1-PW Ti:sapphire laser at SIOM of CAS, the 1-PW Ti:sapphire laser at Institute of Physics (IOP) of CAS, the 5-PW OPCPA laser at Laser Fusion Research Center (LFRC) of China Academy of Engineering Physics (CAEP) [36] and the 5-PW Ti:sapphire laser at Shanghai Superintense Ultrafast Laser Facility (SULF) of CAS [37] . All these laser facilities operate in a single-shot mode, which are appropriate sources for testing the performance of the SSCCs. All the SSCCs have succeeded in measuring the pulse contrast with a dynamic range of 10 10 , with one example shown in Figure 9(d) . Besides, the SSCCs can also be used as real-time monitors for the optimization of laser operation. With the aid of the SSCC, pulse contrast of the SG-II PW laser facility has been improved from 10 4 initially to 10 8 actually [ Figure 9 (b)], which is the reported highest pulse contrast among the Nd:glass petawatt lasers worldwide [35] .
In these SSCCs, the large-size β-BBO crystals are adopted, which may support a temporal window of 50 ps for the 800-nm version and 70 ps for the 1053-nm version, respectively. Extension of temporal window can be realized via splicing several single-shot measurement results, with successive increment of the relative delay by adjusting the delay line built in the arm of PT pulse. The delay increment should be less than the single-shot temporal window, such that the data in the overlapped part of adjacent measurements can be used as calibration base, assuming shot-to-shot fluctuation is negligible. Such a multi-shot measurement scheme can extend the measurement temporal range to >100 ps, which is limited by the range of the delay line. The results shown in Figures 9(b) and 9(d) are obtained both by using two shots. The successful applications verify the feasibility and practicability of the SSCCs. Besides, it can be easily extended to other laser wavelengths. Actually, the SSCC will show better measurement performance in mid-IR spectral region since the longer wavelength of correlation signal matches the detection system better in this case.
Discussion and Conclusion
The aim of pulse-contrast measurement is to reveal the noise background and prepulse spikes at the leading edge of the main pulse, and hence to judge whether it is below the ionization threshold of the target. Most current SSCCs characterize laser pulses in the near-field, whereas targets are normally located in the far-field (i.e., at the focus). One question arises: whether the near-field measurement results can correctly reflect the pulse contrast on the target? The answer to this question depends on the spatiotemporal (ST) nature of noise. For noises without ST coupling, such as amplified spontaneous emission and optical parametric superfluorescence, the noise characteristics in the far-field can be well revealed by near-field measurements. However, the noise generated in the pulse stretcher and compressor of a CPA system usually exhibits ST coupling characteristics due to the involved angular dispersion [42] [43] [44] . The conventional SSCC and DSCC, lack of spatial resolving ability, will not be applicable for measuring such ST noise. Full characterization of ST noise requires two-dimensional (2D) measurements.
For this purpose, the SSCC can be extended from the temporal domain to the ST domain [31, 32] , as shown in Figure 10 (c). The PT beam is focused in the x-dimension, in which the angular dispersions of the stretcher and compressor present, on the surface of nonlinear crystal, whereas the sampling beam remains wide in the x-dimension to create variable delays [ Figure 10(b) ]. In the y-dimension, both the PT and sampling beams are wide, and the conventional noncollinear configuration results in a single-shot temporal window [ Figure 10(a) ]. The generated 2D correlation pattern is imaged onto the fiber array. Compared to the SSCC shown in Figure 7 (a), the imaging system in the STCC has two differences. The imaging lens in the STCC is a spherical lens to realize 2D imaging. Besides, there is no focusing lens before the fiber array for maintaining spatial resolution. If a 1D fiber array is used in the STCC, it should be translated along the θ x direction to record the temporal contrast at different θ x . When the fiber array is fixed at θ x = 0, it can record the far-field on-axis contrast, which is more relevant for high-field experiments [45] . To realize a complete singleshot STCC, a 2D fiber array should be used to record the 2D correlation image.
In conclusion, we have discussed the recent progress of SSCCs developed by our group. We have improved the measurement performance based on the key technologies, such as PM manipulation by QPM, high-sensitivity parallel detection scheme based on fiber array and PMT and suppression of disturbed noises during the measurement. By integrating these techniques, we have developed several SSCC prototypes, which have been successfully applied in five sets of petawatt laser facilities in China. These SSCCs not only measure but also help improve the pulse contrast of laser facilities. Our SSCC devices with a high dynamic range of 10 10 have already satisfied the requirement of current petawatt lasers, and higher dynamic range of ∼10 12 is currently under investigation for future 100-PW lasers. The next SSCC version will consist of two cross-correlators that may separately characterize the main pulse in a small window (10 ps) and the noise pedestal in a large window (100 ps), so that a higher temporal resolution (100 fs) for the main pulse can be anticipated. Besides, a high dynamic range of 10 12 might be possible based on the combination of higher sensitivity PMT and low-noise electrical amplifier.
